Introduction
============

Electrodiagnostic studies, including nerve conduction studies (NCSs) and electromyography (EMG), are the gold standard for evaluating the function of peripheral nerves, neuromuscular junctions, and muscles. The main objective of electrodiagnostic studies is not only to localize but also to characterize disorders involving the peripheral nervous system. However, electrodiagnostic studies alone cannot correctly diagnose these disorders; instead they should always be considered as an extension of clinical anamnesis and physical examination. The correct interpretation of electrodiagnostic study results and application of those results clinically requires the electromyographers to have expert knowledge and experience of neuroanatomy and of peripheral disorders. They should also be familiar with the many pitfalls associated with electrodiagnostics that could lead to erroneous conclusions regarding the nature of the condition underlying peripheral nerve and muscle disorders in their patients.

In this overview we describe the various pitfalls that render it difficult to interpret the type and extent of pathophysiological changes from the results of NCSs and EMG. We include up-to-date and comprehensive information regarding commonly encountered pitfalls in electrodiagnostic studies.

Nerve Conduction Studies
========================

After formulating differential diagnoses based on appropriate anamnesis and physical examination, NCSs are usually performed ahead of needle EMG. The technical factors defining NCS parameters are the equipment settings, patient preparation, stimulation, and interpretation of the resulting data. There are potential pitfalls associated with each of these factors ([Table 1](#T1){ref-type="table"}).

Equipment settings
------------------

### Amplifier

The amplifier is an important component of the equipment, which magnifies otherwise indecipherable biologic signals, altering them into conspicuous waveforms so that they can be observed and analyzed.[@B1] With modern technology, the currently available equipment allows the examiner to review data at different sensitivities during the NCS, so that, for example, a higher level of sensitivity can be chosen to increase the precision of measurement of the onset latency of the fastest conducting fibers. A recent study[@B2] has revealed that the sensitivity of latency measurements in diagnosing carpal tunnel syndrome is dependent upon the amplifier settings. The authors of that study presented different cutoff values for abnormalities at various amplifier settings. Hence, electromyographers should be aware that the sensitivity of the diagnosis could be altered according to the amplifier settings; that is, an increased amplifier sensitivity will result in a decreased onset latency ([Fig. 1](#F1){ref-type="fig"}).

### Filters

Biologic signals can be expressed as the sum of a set of simple oscillating functions (e.g., sines and cosines) whose individual phases and amplitudes summate or cancel to reproduce the original waveform.[@B3] A filter is an electronic device that removes components at specific frequencies from the waveform.[@B4] A high-frequency filter removes the higher frequencies, leaving the lower frequencies to pass unaffected, and is therefore commonly referred to as a lowpass filter. Likewise, a low-frequency filter removes the lower frequencies, allowing only the high frequencies to be observed, and is called a highpass filter. The recommended low-frequency cutoff for NCSs is 2-10 Hz, while the high-frequency cutoffs for sensory nerve action potentials (SNAPs) and compound action potentials (CMAPs) are 2000 and 10000 Hz, respectively.[@B3],[@B5] Raising the low-frequency cutoff will result in both SNAPs and CMAPs exhibiting lower-amplitude, shorter-peak latencies, with a shorter duration and greater phase accumulation, with CMAPs being affected more than SNAPs ([Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). Lowering the high-frequency cutoff will result in both SNAPs and CMAPs exhibiting amplitude reduction, delayed peak/onset latency, increased duration, and smoother waveforms, with SNAPs being more affected than CMAPs ([Figs. 4](#F4){ref-type="fig"} and [5](#F5){ref-type="fig"}). Modifying the filter cutoff frequencies without understanding these basic principles could significantly distort the waveforms in the same way as if pathology were present.

### Size of the surface electrode

In general, larger recording electrodes result in CMAPs with slightly smaller amplitudes and areas and slower conduction velocities, but no clinically significant change in onset latency or negative spike duration.[@B3] Large electrodes are also known to reduce site-induced CMAP variability.[@B6] Although there is a lack of consensus regarding the preferred size for surface electrodes, the most widely used in NCSs are 1 cm in diameter. However, if the muscle has only a partial lesion among a subset of motor units, CMAPs recorded using the 1-cm-diameter single electrode may not reveal the abnormal lesion, because the CMAPs represent the summation of the motor unit signals and will include only a few abnormal signals from a partial lesion. A recent study revealed the reliability and usefulness of multichannel electrodes with several small electrodes in a single-electrode platform for detecting abnormal signals.[@B7] Ven et al.[@B8] revealed that the SNAP amplitudes decreased with increasing size of surface recording electrodes when they are transversely positioned over the nerve.

In summary, although the optimal size of surface electrodes for NCSs has yet to be determined, it should be kept constant in a neurophysiology laboratory due to its influence on CMAP and SNAP parameters.

Patient preparation
-------------------

### Temperature

Temperature can greatly affect NCS parameters, and electromyographers should thus always check and control the temperatures of the limbs to be examined. If the upper or lower limbs are below 32° or 30°, respectively, CMAPs and SNAPs will have a prolonged duration, prolonged onset latency, a slowed nerve conduction velocity, and an increased amplitude ([Figs. 6](#F6){ref-type="fig"} and [7](#F7){ref-type="fig"}).[@B1] Increased CMAP amplitudes caused by temperature decrements during repetitive nerve-stimulation tests could mask amplitude decrements in patients with neuromuscular junction disorders, producing false-negative results. Therefore, it is essential to control the patient\'s limb temperature during electrodiagnostic studies, especially when evaluate the severity of neuromuscular disease. Although the use of a hot-water bath is one of the most widely used methods for warming,[@B9] it is difficult to control the limb temperature during recordings with this method. Instead, the use of hot-water blankets has been advocated as an alternative for controlling temperature during NCSs; it was also suggested that the limbs should be warmed for at least 25 minutes prior to commencing recording.[@B9]

### Electrode location

Once the patient\'s limbs are sufficiently warmed, surface electrodes \[active (E1) and reference (E2)\] are attached before stimulating the desired nerve. The examiner should be familiar with the anatomy of the nerve to be examined in order to ensure that the surface electrodes are attached appropriately.

E1 is placed on the nerves or the muscles to be examined and E2 is usually placed at some distance from E1.[@B10] Since the amplitude of signals obtained from NCSs is the difference in voltage between two electrodes \[i.e., (voltage obtained from E1) - (voltage obtained from E2)\], proper electrode placement is crucial for accurate waveform recording ([Fig. 8](#F8){ref-type="fig"}).

While recording sensory and mixed compound nerve action potentials, some authors have recommended a 4-cm separation between E1 and E2,[@B1],[@B4],[@B11],[@B12] while others[@B13],[@B14] have recommended a 3-cm separation. A recent paper[@B15] suggests that the use of this narrower interelectrode separation has a negligible effect on amplitude and does not affect latency. However, this conclusion was based on studies performed on normal healthy subjects and cannot be directly applied to neuropathic patients in whom the extent of waveform distortion would be greater than in healthy subjects.

When recording CMAPs, E1 and E2 are traditionally placed over the muscle and over the corresponding tendon (belly-tendon recording), respectively. It is assumed that E2 is at an \"electrically silent\" position, and should not produce any electrophysiologic potentials. However, it has been shown that E2 can be electrically active.[@B16],[@B17] A recent study[@B18] measured the signals recorded individually by E1 and E2 in order to assess the contribution of E2 to the signal. Significant contributions from E2 were observed, especially in the hypothenar and abductor hallucis muscles. Therefore, the measured CMAP amplitude should be interpreted with caution since it might not reflect the true pathology of the muscle under E1.

### Electrode stability

While recording electrodes are usually placed properly, inadequately secured electrodes can sometimes become dislodged, especially when motor NCSs are performed that involve vigorous muscle contractions.[@B1] This might result in erroneous recording of various CMAP parameters ([Fig. 9](#F9){ref-type="fig"}).

### Limb position and anatomic nerve course

When attaching the surface electrodes to the patient\'s limb it is necessary to carefully consider the limb position and the anatomic course of the nerve under study. The lengths of limb nerves measured at the skin surface are reported to be 3-8 mm shorter than the actual length measured on cadaveric dissection.[@B10] The most significant discrepancy between the length of nerves obtained by surface measurement and the actual length usually develops when measuring the course of a nerve across a joint. Measurement of the ulnar nerve, which is significantly affected by elbow position, is particularly prone to this type of measurement error.[@B19] The ulnar nerve within the ulnar groove may become loose or follow a tortuous course during elbow extension, while elbow flexion stretches the nerve at the ulnar groove, so that surface measurement of the ulnar nerve across the elbow more closely reflects the true length of the ulnar nerve. It is therefore recommended that the elbow be flexed at 135° or 90° to minimize error during NCS of the ulnar nerve across the elbow section. However, this position may not be optimal because of the possibility of a hypermobile ulnar nerve at the elbow, as recently reemphasized by high-resolution ultrasonography.

Previous studies with normal healthy subjects revealed that the ulnar nerve is displaced in about 20-30% of limbs.[@B20] In some cases, elbow flexion causes the ulnar nerve to be dislocated from the ulnar groove, across the medial epicondyle, to the volar side.[@B21]-[@B23] A study comparing the surface-measured distance between stimulus points across the elbow (reflecting the length of the ulnar nerve) and its true length, as measured using ultrasonography, revealed a significant discrepancy that resulted in a large error in the calculated nerve conduction velocity between these stimulus points.[@B19] Another study applied a short-segment NCS to a dislocated ulnar nerve at the elbow, which revealed the possibility of false-positive findings due to insufficient stimulation, and the authors recommended that short-segment NCSs at the elbow should be performed with the elbow flexed by less than 90°.[@B24]

When the CMAP of the abductor pollicis brevis (APB) muscle was recorded by stimulating the median nerve, muscle shortening with relaxation resulted in a decreased CMAP duration and increased CMAP amplitude ([Fig. 10](#F10){ref-type="fig"}).[@B25] This finding implies that the hand position should be kept constant while examining the median motor nerves. Similarly, repetitive nerve stimulation studies are known to be affected by hand posture.[@B26]

Stimulation
-----------

### Stimulus artifact

During stimulation, the initial pulse of voltage from the stimulator creates a stimulus artifact - a far - field potential-that obscures the early part of any recorded waveforms.[@B10] This stimulus artifact may make it difficult to interpret the waveforms when the stimulator and recording electrodes are relatively close.

Since stimulation with a higher current or longer duration produces a greater stimulus artifact, the applied current strength and duration should be just sufficient to elicit a supramaximal response. The stimulus artifact can be reduced by using a needle cathode instead of using a surface cathode. Furthermore, the impedance between the skin and all of the electrodes should be minimized by, for example, cleansing or rubbing the skin surface, shaving the skin, and/or using gel during electrode placement. Care should be taken to avoid using excessive amounts of gel or perspiration that could result in aberrant conduction pathways between the recording and reference electrodes, which would increase the stimulus artifact. The artifact can be reduced by using the same type of material for both E1 and E2 and by placing a ground electrode between E1 and the stimulator. In addition, anodal rotation about the cathode alters the distribution of isopotential lines at the two recording electrodes so that the amplified difference in potential between the electrodes can be markedly reduced.[@B27] Differential amplification and common-mode rejection also reduces the artifact, especially when the stimulus artifacts at E1 and E2 are similar. A recent study proposed a hardware-based model of the stimulus artifact that can be used to estimate and then subtract the artifact.[@B28]

### Stimulus lead

A strong stimulus intensity results in a large zone of depolarization, creating a so-called stimulus lead.[@B1] In other words, a larger stimulus intensity will lengthen the segment of depolarized nerve beneath the cathode, resulting in a shorter latency. The connective tissue between the nerve and the stimulator contributes to the impedance, and this varies along the nerve. If the same current is applied at the nerve where the impedance is greater, a submaximal neural excitatory pulse might be produced, producing a reduced CMAP amplitude and prolonged latency. This mimics conduction block between the two stimulus sites, producing a false-positive finding or possibly accentuating a mild abnormality, especially in a short-segment NCS.

### Inadvertent stimulation/recording

Due to the short distance between the ulnar and median nerves at the wrist, high stimulus current intensities might stimulate both of these nerves.[@B1] For example, high-intensity stimulation might produce a small CMAP even after stimulating a median nerve with a complete lesion at the wrist. Such a CMAP should be suspected to have originated from ulnar nerve excitation through volume conduction.

### Cathode/anode stability

The use of excessive gel could result in the stimulator slipping away from the nerve during stimulation.[@B1] Care is especially important during repetitive nerve stimulation studies, since such slippage can result in false-positive findings.

### Anodal stimulation

The anodal current theoretically hyperpolarizes the neural tissue beneath the anode, preventing action potential propagation past the anode site, which has been termed \"anodal block\".[@B1] In 1993, Dreyer et al.[@B29] showed that the CMAP and F-wave can be elicited by monopolar anodal stimulation, and the authors predicted that \"anodal block\" was unlikely to occur during routine electrodiagnostic studies. Moreover, the anode is known to generate action potentials,[@B30],[@B31] which may be caused by stimulating skin receptors and intradermal nerve endings, while the cathode directly activates underlying nerves.[@B30],[@B32] Therefore, the anode should be placed carefully so that it does not stimulate other nerves, possibly leading to false-negative findings. For example, during a blink-reflex study the anode may depolarize the contralateral supraorbital nerve, thereby producing a bilateral stimulation, which results in bilateral simultaneous R1 and R2 signals.[@B1]

### Pressure on the electrodes

The high pressure of the surface recording electrode on the skin decreases the distance between the electrode and the nerve and reduces the volume of tissue fluids between the skin and the nerve, thereby increasing the amplitude of the SNAP by decreasing the resistance between E1 and the nerve.[@B8] Orthodromic SNAP amplitudes vary greatly while performing this method depending upon the extent of pressure on the nerve due to the presence of larger amounts of subcutaneous tissue between E1 and the nerve. This explains why orthodromic SNAP amplitudes are smaller than their antidromic counterparts ([Fig. 11](#F11){ref-type="fig"}).[@B1]

### H-reflex

The H-reflex is a monosynaptic reflex that involves the Ia afferents and alpha motoneurons.[@B33] A stimulus pulse duration of 0.5-1.0 ms is recommended because longer current durations are believed to activate the large sensory fibers preferentially relative to the smaller motor fibers.

The amplitudes of both the H-reflex and M wave increase linearly with the stimulation intensity until the H-reflex reaches a maximum at certain stimulus intensities.[@B34],[@B35] As the stimulation intensity increases, more muscles are activated until the maximum M wave is reached, representing maximal muscle activation. According to the \"size principle\",[@B36]-[@B38] smaller motoneurons, which are more excitable, will be recruited first when increasing the nerve stimulation to evoke the H-reflex. After reaching the maximum the H-reflex amplitude will progressively decline. Although the mechanism underlying this decline remains to be elucidated, it probably results from a combination of refractory alpha motoneurons and Renshaw inhibition of the motoneuron pool.[@B33]

With the H-reflex, the synaptic connection between Ia afferents and alpha motoneurons is known to be modulated by various spinal inhibitory interneuronal circuits.[@B35] The H-reflex should thus be determined to be absent only after applying certain facilitation methods or maneuvers such as contraction of agonist muscles, the Jendrassik maneuver, posttetanic stimulation, and even ensure that the patient is focusing on a motor task.[@B39],[@B40]

Interpretation
--------------

### CMAP morphology

Obtained waveforms should be carefully inspected before an examiner accepts the results. Inappropriate location of the active electrode (which should be positioned directly over the motor point, the endplate zone) should be considered if a CMAP has an initial positive deflection.[@B1] However, there are some conditions under which an initial negative deflection cannot be obtained regardless of the location of the active electrode, such as 1) the combination of carpal tunnel syndrome and a Martin-Gruber anastomosis (MGA), and 2) a distorted motor point caused by trauma and nerve injury to the muscle.

When a CMAP is recorded from the second lumbrical muscle following median nerve stimulation at the wrist for a comparison study in patients with suspicious carpal tunnel syndrome, a small negative potential - called the premotor potential - precedes the CMAP. A high amplifier sensitivity will help in identifying the premotor potential. The origin of this premotor potential has been controversial, but a recent study suggested that it originates from a median SNAP arising from antidromically activated digital sensory branches.[@B41] Therefore, terminal latency of the CMAP from the second lumbrical muscle following median nerve stimulation should be considered as a point of initial negative deflection of a larger negative wave following the small premotor potential.

### Amplitude variability

There is a physiologic decline in both the SNAP and CMAP amplitudes as the stimulation point moves further from the active electrode.[@B1] A recent study[@B42] investigated physiological changes of CMAPs obtained from stimulation at different sites over the full length of the ulnar motor nerve. The CMAP amplitude decreased linearly while its duration increased linearly with increasing conduction distance. The CMAP area decreased with the square of the conduction distance, but the decrease in area (up to 25% at the axilla) was smaller than the decrease in amplitude (up to 30% at the axilla). Recognizing this normal decrease in CMAP area and amplitude with longer distance, conduction block should be considered when the CMAP amplitude following proximal stimulation decreases by at least 50% compared to that following distal stimulation.

The variability in SNAP amplitude with stimulus location is considerably greater in antidromic sensory NCS than in motor studies;1 this difference is attributable to the greater temporal dispersion and larger difference between the fastest and slowest sensory neural fibers compared with motor nerves. An amplitude difference exceeding 50% is generally considered as pathologic, while a side-to-side amplitude difference of greater than 25% was considered abnormal in previous studies.[@B43]

### Nonmodifiable physiologic factors

In addition to limb temperature, age, gender, and body mass index (BMI) should be considered as nonmodifiable factors affecting electrodiagnostic studies. The nerve conduction velocity reduces by approximately 1 m/s/decade of age between the ages of 20 and 80 years.[@B1] Limb temperatures must be controlled with particular care in elderly persons, since the high prevalence of loss of muscle mass in this group may predispose them to cool limbs. Tong et al.[@B44] reported a cohort study estimating how sensory NCS parameters change over time when subjects are measured at two time points, about 5 years apart. After controlling for confounding factors such as gender, age, height, and BMI, the amplitudes of the median and ulnar SNAPs decreased by about 2.3 and 1.75 µV over 5 years, respectively. Furthermore, the median and ulnar conduction velocities decreased by 1.1 and 0.71 m/s, respectively.

Gender-related differences have also been noted. Antidromic median, ulnar, and radial SNAPs are reported to have larger amplitudes and shorter distal latencies in women than in men.[@B1] Although shorter latencies and faster velocities in women are unexplained, larger-amplitude antidromic digital SNAPs for women may be attributable to a smaller digit circumference producing a lower subcutaneous tissue-to-nerve tissue ratio. Negative findings in studies using the orthodromic SNAP technique[@B45] also support this explanation.

A recent study[@B46] applied multivariate analyses to systematically investigate the effects of age, gender, and BMI on SNAP amplitudes and nerve conduction velocities of both the upper and lower limbs. Age was negatively correlated with SNAP amplitudes for all of the nerves studied, but the extent of these effects varied in different nerves. For example, aging affected the median sensory nerve more than the radial sensory nerve. This might be explained by the superficial radial nerve not including the common entrapment site, whereas the median sensory nerve is entrapped within the carpal tunnel and is prone to repetitive injuries. BMI appears to significantly affect the amplitudes of only the upper-limb nerves, and not the lower-limb nerves, for which there is only a small amount of subcutaneous tissue between the stimulator and the nerve.

### Height or limb length

While many studies have found that nerve conduction velocity is inversely correlated with limb length, only one study has controlled for temperature, and it yielded a negative result.[@B1] There has since been general agreement that no correlation exists between upper-limb length and nerve conduction velocity.

### Limitations of NCSs

Despite small-fiber neuropathy being a commonly encountered disorder, routine NCSs assess only large-fiber function.[@B47] Therefore, some alternative methods are being used to study small fibers: sympathetic skin response,[@B48] quantitative sudomotor axon reflex test,[@B49] laser-evoked potential,[@B50] cardiovagal and adrenegeric autonomic testing,[@B51] and the cutaneous silent period.[@B52],[@B53]

Electromyography
================

Clinical evaluation
-------------------

Anamnesis and physical examination are essential before conducting EMG. Although there have been many attempts to increase the diagnostic value of anamnesis and physical examination in patients with lumbosacral radiculopathy,[@B54]-[@B58] needle EMG provides additional diagnostic value in this disorder relative to clinical data and MRI.[@B56] The usefulness of EMG in clinical practice is the ability to determine the pathophysiological mechanism underlying pain. Although needle EMG appears to have a rather low sensitivity (60%), it may reveal clinically relevant nerve dysfunction in patients where imaging findings are normal. Furthermore, needle EMG has excellent specificity for lumbosacral radiculopathy and plexopathy when appropriate diagnostic criteria are used.[@B59]

Equipment settings
------------------

### Needle type

Two types of needle electrode, monopolar and concentric, are currently used for the routine examination of skeletal muscle.[@B1] For the concentric needle electrode, the active and reference recording surfaces are in close proximity, facilitating common-mode rejection. However, the monopolar needle electrode has its reference electrode on the skin at some distance from the active recording site, thus diminishing the usefulness of common-mode rejection. Therefore, the concentric needle electrode recording tends to be associated with less noise than that of the monopolar needle electrode. In addition, concentric needle recordings produce motor unit action potentials (MUAPs) with smaller amplitudes because comparatively fewer muscle fibers are in close proximity to the active recording surface than for the monopolar needle electrode.

### Filters

Filter cutoff frequencies for needle EMG studies are not as critical as those for NCSs.[@B1] A low-frequency cutoff of 2-20 Hz and a high-frequency cutoff of 10000-20000 Hz are commonly used when performing either quantitative or qualitative MUAP analysis. However, the use of low-frequency filter with a cutoff approaching 20 Hz requires a relatively stable baseline, which is achieved by eliminating low-frequency noise. When quantitative EMG studies are performed, a much lower low-frequency filter cutoff is commonly chosen. Although the effect of filter cutoff frequency on MUAP parameters is less significant than on NCS, lowering the high-frequency cutoff to much below 10000 Hz or further raising the low-frequency cutoff above 20 Hz could distort MUAP parameters.

Muscle selection
----------------

Once the equipment is ready for the EMG examination, the neurophysiologist should select the muscles to examine on the basis of the clinical hypotheses being tested.[@B60] The selected muscles should be those that cause the least discomfort for the patient.

The accuracy of needle placement in muscles depends upon muscle location, size, depth, and the surrounding anatomy. In general, superficial, larger muscles in the lower extremity are easier to sample than the smaller and deeply located muscles in the upper extremity. The accuracy of needle placement can be increased by selectively activating the target muscle and ensuring that the MUAP rise time is less than 500 ms. Needle-placement techniques for specific muscles in which it is usually difficult to accurately place the needle have been evaluated.[@B61] One such muscle among the paraspinal muscle group is the multifidus. For a diagnosis of radiculopathy, it is important to confirm whether the paraspinal muscles - which are innervated directly from the spinal roots - are involved. The multifidus in particular - which is innervated by a single root via the medial branch of the dorsal ramus, while other paraspinal muscles are innervated by multilevel roots - is of special interest to electromyographers for evaluating patients with suspicious radiculopathy. Various techniques have recently been developed to increase the accuracy of needle placement in the multifidus.[@B61]-[@B63] The authors of these studies highlighted the nonoptimal accuracy of previous techniques and suggested a modified technique involving lower needle angulation relative to the skin surface and closer insertion from the midline. Even if such techniques could improve the accuracy of needle placement in the multifidus, there are conditions under which the target spinal level must be identified precisely. The identification of spinal level relies mostly upon palpation to accurately locate the anatomic sites using surface landmarks. However, the accuracy of palpation is significantly affected by the examiner\'s experience, and the presence of spinal anomalies (e.g., such as spina bifida and L6 vertebra) and obesity will contribute to palpation error. Therefore, confirmation of the involved root level by needle EMG at the multifidus might not be recommended.

Spontaneous activity
--------------------

Fibrillation potentials or positive sharp waves are typically found in patients with myopathies or neuropathies with denervation. However, these waveforms are also reported in normal subjects, especially in lumbosacral[@B64],[@B65] and cervical[@B66] paraspinal muscles. However, there is a possibility of endplate spikes with an atypical appearance mimicking the configurations of fibrillation potentials and positive sharp waves.[@B67],[@B68] A slower rate of firing (7.4 Hz) and irregular discharges are distinguishing features of atypical endplate spikes from abnormal spontaneous potentials. In spite of this criticism, we have confirmed that denervation potentials can be present in normal individuals, even after scrutinizing the waveforms in order to specifically exclude endplate spikes.[@B66] These spontaneous potentials in normal healthy persons are thought to be caused by asymptomatic disc herniation with compression or chemical irritation, or stretch and entrapment of the posterior primary ramus resulting from excessive movement.[@B69] The most important characteristic of abnormal spontaneous activity that could differentiate atypical endplate potentials is regularity. However, the assessment of regularity also requires special care because patients with a pacemaker could present spontaneous activity with regular firing during lower-cervical or thoracic EMG studies. The regularity, frequency, and correlation with the peripheral pulse can help to differentiate this pacemaker artifact from abnormal spontaneous activities.[@B70]

It is widely believed that abnormal spontaneous activity after injury on needle EMG appears at specific times, which follow the rule of innervating nerve length-dependent involvement of muscle. Some authors have warned that symptom duration and spontaneous activities do not seem to be related to each other.[@B71]-[@B74] Although those authors caution against interpreting electrodiagnostic findings based on symptom duration, the evolution of EMG findings could be correlated with the time after injury and the severity of axonal damage.[@B70]

Anomalous Innervation
=====================

CMAP morphology or amplitudes might appear to be abnormal even in the absence of technical errors. In these instances, anomalous innervation should always be considered.

Martin-Gruber anastomosis
-------------------------

Normally, there is no connection between median nerve and ulnar nerve in the upper extremity ([Fig. 12A](#F12){ref-type="fig"}). MGA refers to the innervation of the ulnar-innervated intrinsic hand muscles being supplied anomalously by fibers that travel with the median nerve in the arm and forearm ([Fig. 12B](#F12){ref-type="fig"}).[@B10] The incidence of this anastomosis varies depending upon the methodology used to evaluate it. Anatomical studies have revealed an incidence of 13.1-39.2%,[@B75]-[@B78] while that determined by electrophysiological studies was 17-54%.[@B79]-[@B81] In one study[@B78] involving 68 adult Korean cadavers, the prevalence of MGA was 39.2%. The MGA was classified into four types, the most frequently occurring being type III (40%), in which an anastomosis exists between branches innervating the flexor digitorum profundus.

Electrophysiological evaluation of the MGA includes comparisons of the CMAP,[@B82] the collision technique,[@B83] and pharmacological blockade. However, these techniques can result in stimulus spread that results in the activation of other nerves.[@B84] In order to avoid this problem, near-nerve stimulation may be used with almost right-to-the-tip Teflon-insulated unipolar needle electrodes.[@B82],[@B85]

The common MGA often coexists with carpal tunnel syndrome, which is the most common entrapment neuropathy.[@B86] In mild or moderately severe carpal tunnel syndrome, the MGA response superimposed on the median CMAP may result in an initial positive deflection as well as a faster conduction velocity. In more severe cases of carpal tunnel syndrome, the MGA response is separated from the median CMAP, producing an unrealistic negative conduction velocity.

MGA causing a decline in ulnar CMAP amplitude across the elbow segment could mimic a partial conduction block, which would suggest ulnar neuropathy at the elbow.[@B87],[@B88] Therefore, all patients with suspected ulnar neuropathy with a reduction in CMAP amplitude and area at the elbow segment must be evaluated for a proximal MGA before diagnosing partial conduction block, especially when there is no other evidence of ulnar neuropathy, such as a slower conduction velocity, abnormal SNAPs, and abnormal needle EMG findings. A recent study[@B89] reinforces this suggestion with two examples of MGA combined with anomalous superficial radial innervation to the ulnar dorsum of the hand that resulted in the absence of a dorsal ulnar cutaneous response.

While MGA usually involves only motor fibers, a crossover of sensory fibers has also been detected by using a near-nerve technique.[@B90]

Marinacci communication
-----------------------

Marinacci communication occurs when ulnar fibers cross into the median nerve ([Fig. 12C](#F12){ref-type="fig"}).[@B80] A recent article reported that the prevalence of Marinacci communication is 4%.[@B91] Due to the rarity of this communication, other physiologic, pathologic, or technical reasons should be considered before diagnosing an ulnar-to-median anomaly.

Riche-Cannieu anastomosis
-------------------------

Riche-Cannieu anastomosis is an anatomic communication between the recurrent branch of the median nerve and the deep branch of the ulnar nerve in the hand ([Fig. 12D](#F12){ref-type="fig"}). It has been suggested recently that this anomalous innervation, which is present in approximately 77% of hands,[@B92] has an autosomal dominant pattern of inheritance.[@B93]

All ulnar hand
--------------

\"All ulnar hand\" refers to an extremely rare innervation of an ulnar-to-median anastomosis combined with Marinacci communication and Riche-Cannieu anastomosis.[@B94] This anomaly develops as a result of rerouting of axons from their cervical roots at the level of the brachial plexus ([Fig. 12E](#F12){ref-type="fig"}). If the CMAP from the APB in response to median stimulation is completely without supportive clinical evidence of severe carpal tunnel syndrome (motor weakness and muscle atrophy), stimulation of the ulnar nerve while recording at the APB should be performed in order rule out this possibility.

Accessory deep peroneal nerve
-----------------------------

The accessory deep peroneal nerve (ADPN) traverses posterior to the lateral malleolus and innervates the lateral portion of the extensor digitorum brevis (EDB) muscle.[@B1] One cadaveric study detected an ADPN in all of the 24 legs studied (100%).[@B95] In contrast, electrophysiological studies indicate the presence of the ADPN innervating the EDB in 19-28% of the general population.[@B96]-[@B99] This anomaly has an autosomal dominant pattern of inheritance.[@B99],[@B100]

ADPN should be suspected when the peroneal CMAP in response to stimulation at the fibular head is greater than that in response to supramaximal ankle stimulation.[@B1] It should be remembered that an excessive current can induce a volume-conducted response, which stimulates tibial nerve, thus contracting intrinsic foot muscles other than the EDB and mimicking the presence of an ADPN. If the ADPN is combined with a deep peroneal neuropathy between the fibular head and ankle, collision techniques can be used to localize the pathology.[@B101] The EDB is sometimes innervated only by the ADPN with a lesion of the deep peroneal nerve, which might cause preservation of toe extension in patients with a deep peroneal neuropathy.[@B102]

Tibial innervation of the EDB
-----------------------------

Innervation of the EDB by the tibial nerve is rarely reported as a normal variant.[@B103],[@B104] However, care is necessary before diagnosing this anomalous innervation, since it can be mimicked by supramaximal stimulation and volume conduction causing contraction of the intrinsic foot muscles.[@B105]

Conclusions
===========

Electrodiagnostic medicine is useful for characterizing and diagnosing neuromuscular disorders. However, there are numerous technical and physiologic parameters that can confound accurate conclusions. A thorough understanding of the potential pitfalls will enable the use of electrodiagnostic studies in conjunction with clinical examination to more accurately diagnose and treat patients with neuromuscular disorders.
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![Amplifier gain effect. Effects of amplifier gain on the compound muscle action potential. A higher amplifier gain results in shorter onset latencies.](jcn-8-1-g001){#F1}

![Effects of low-frequency filter on the CMAP. Raising the low-frequency cutoff up to 150 Hz with a constant high-frequency cutoff produces shorter onset latencies and reduced amplitudes. CMAP: compound muscle action potential.](jcn-8-1-g002){#F2}

![Effects of low-frequency filter on the sensory nerve action potential. Raising the low-frequency filter up to 150 Hz with a constant high-frequency cutoff produces shorter latencies and reduced amplitudes.](jcn-8-1-g003){#F3}

![Effects of high-frequency filter on the CMAP. Lowering the high-frequency cutoff down to 500 Hz with a constant low-frequency cutoff produces prolonged onset latencies and reduced amplitudes. CMAP: compound muscle action potential.](jcn-8-1-g004){#F4}

![Effects of high-frequency filter on the SNAP. Lowering the high-frequency cutoff down to 500 Hz with a constant low-frequency cutoff produces prolonged latencies and reduced amplitudes. SNAP: sensory nerve action potential.](jcn-8-1-g005){#F5}

![Effects of limb temperature on the CMAP. Generalized cooling of the limb prolongs the latency and the duration, and slightly reduces the amplitude. CMAP: compound muscle action potential.](jcn-8-1-g006){#F6}

![Effects of limb temperature on the SNAP. Generalized cooling of the limb results in shorter latencies. SNAP: sensory nerve action potential.](jcn-8-1-g007){#F7}

![Changes in peak latencies of the orthodromic median SNAP with varying interelectrode distances. Due to the elimination of common-mode signals, the SNAP amplitude is smaller with a shorter interelectrode distance (B) than with a longer interelectrode distance (A). The peak latency of the SNAP is shorter with a shorter interelectrode distance (B, dotted line) than with a longer interelectrode distance (A, continuous line). SNAP: sensory nerve action potential.](jcn-8-1-g008){#F8}

![Effect of recording electrode position. CMAPs recorded from the adductor digiti minimi in response to ulnar nerve stimulation at the wrist. Attachment of the active electrode slightly away from the muscle\'s motor point results in an initial positive deflection and reduced CMAP amplitude (A). By relocating the active electrode to directly above the muscle\'s motor point, an initially negative biphasic CMAP is observed with increased amplitude (B). When a CMAP has an initial positive deflection, the active electrode should be relocated to the assumed motor point. CMAP: compound muscle action potential.](jcn-8-1-g009){#F9}

![Effect of limb muscle position. CMAPs recorded from abductor pollicis brevis with median nerve stimulation at the wrist. Alteration of muscle length as a result of different thumb positions affects CMAP parameters. The finger position should be kept constant during motor nerve conduction studies of the upper limbs in order to reduce the effect of muscle length on CMAP amplitude. CMAP: compound muscle action potential.](jcn-8-1-g010){#F10}

![Orthodromic versus antidromic recordings: median nerve SNAPs. The SNAP amplitude of the median nerve is smaller when using an orthodromic method (A) than when using an antidromic method (B). The interelectrode distances between the active electrode (E1) and the reference electrode (E2) were set to be the same (4 cm). SNAP: sensory nerve action potential.](jcn-8-1-g011){#F11}

![Simplified schemes of anomalous upper-limb innervations: examples of anomalous upper-limb innervations. Normally, there is no connection between median nerve and ulnar nerve (A). In Martin-Gruber anastomosis (B), those muscles that would normally be supplied by the ulnar nerve are supplied by median nerve fibers, which cross in the forearm. In Marinacci communication (C), those muscles that would normally be supplied by the median nerve are supplied by ulnar nerve fibers that cross in the forearm. In Riche-Cannieu anastomosis (D), those muscles that would normally be supplied by the ulnar nerve are supplied by median nerve fibers that cross in the hand. In \"all ulnar hand\" (E), the median nerve is absent and all of the muscles that would usually be supplied by the median nerve are innervated by the ulnar nerve. Dotted lines represent anomalous nerve fibers.](jcn-8-1-g012){#F12}

###### 

Factors affecting nerve conduction study parameters

![](jcn-8-1-i001)

CMAP: compound muscle action potential, NCV: nerve conduction velocity, SNAP: sensory nerve action potential.
